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Abstract

Objective: There is a complex interaction between nervous and cardiovascular

systems, but sparse data exist on brain–heart electrophysiological responses to

cardiac arrest resuscitation. Our aim was to investigate dynamic changes in

autonomic and cortical function during hyperacute stage post-resuscitation.

Methods: Ten rats were resuscitated from 7-min cardiac arrest, as indicators of

autonomic response, heart rate (HR), and its variability (HRV) were measured.

HR was monitored through continuous electrocardiography, while HRV was

assessed via spectral analysis, whereby the ratio of low�/high-frequency (LF/

HF) power indicates the balance between sympathetic/parasympathetic activi-

ties. Cortical response was evaluated by continuous electroencephalography and

quantitative analysis. Parameters were quantified at 5-min intervals over the

first-hour post-resuscitation. Neurological outcome was assessed by Neurologi-

cal Deficit Score (NDS, range 0–80, higher = better outcomes) at 4-h post-

resuscitation. Results: A significant increase in HR was noted over 15–30 min

post-resuscitation (p < 0.01 vs.15-min, respectively) and correlated with higher

NDS (rs = 0.56, p < 0.01). LF/HF ratio over 15–20 min was positively corre-

lated with NDS (rs = 0.75, p < 0.05). Gamma band power surged over 15–30
min post-resuscitation (p < 0.05 vs. 0–15 min, respectively), and gamma band

fraction during this period was associated with NDS (rs ≥0.70, p < 0.05,

respectively). Significant correlations were identified between increased HR and

gamma band power during 15–30 min (rs ≥0.83, p < 0.01, respectively) and

between gamma band fraction and LF/HF ratio over 15–20 min post-

resuscitation (rs = 0.85, p < 0.01). Interpretations: Hyperacute recovery of

autonomic and cortical function is associated with favorable functional out-

comes. While this observation needs further validation, it presents a transla-

tional opportunity for better autonomic and neurologic monitoring during

early periods post-resuscitation to develop novel interventions.

Introduction

Cardiac arrest (CA) affects more than half a million peo-

ple in the United States every year.1 According to the

“Heart Disease and Stroke Statistics—2023 Update” from

the American Heart Association, only about 7.1% out-of-

hospital CA patients may survive and achieve some func-

tional recovery at hospital discharge.2 Brain injury from

global cerebral ischemia induced by CA is the leading

cause of high mortality and neurological disability in

survivors.3 However, merely around 10% of these deaths

caused by CA meet the clinical criteria of brain death.4,5

Most deaths related to CA-induced brain damage are due

to active withdrawal of life-sustaining treatment as the

result of a prediction of poor neurological outcome.6 For

this reason, accurate neurological prognostication plays a
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critical role in postarrest care for comatose patients since

it helps clinicians to make the decision of continuing

futile treatments for patients in whom poor outcomes are

inevitable or ending life supports for those who do not

have a chance to achieve a neurological recovery.6 The

current prognostic approach uses a multivariable model

based on the clinical status of the patient together with

ancillary testing, including neurophysiology (such as elec-

troencephalography, EEG), biochemical markers, and

neuroimaging.6

It was shown that neuronal damage can appear in

minutes after CA,7 resulting in selective regional damage

in various brain areas.8 The most vulnerable area is the

cerebral cortex, followed by several subcortical structures,

including the thalamus, hippocampus, and striatum.6–8 In

contrast, the brainstem has a lesser vulnerability.6,9,10 EEG

is the recording of cortical neuronal activity and has been

studied in translational animal models to prognosticate

neurological outcomes post-CA resuscitation. Clinical

reports reveal multiple malignant EEG features,11,12 such

as burst-suppression pattern,13 low voltage,14 and identi-

cal bursts,15 which may correlate with poor outcomes.

Previously, we found that increased EEG bursting during

the first 10–30 min after resuscitation was linked to

favorable neurological outcomes in an asphyxial CA

(ACA) rodent model.16 Using quantitative EEG analysis,

we uncovered that ACA-induced brain injury led to a sig-

nificant decrease in EEG entropy, while a good neurologi-

cal recovery manifested a rapid return to a higher entropy

value.17

Heart rate variability (HRV) has been employed to

quantify autonomic activity18 and is considered evidence

of brainstem integrity.19 Relative to other regions of the

brain, the brainstem has lesser vulnerability to

hypoxia.6,9,10 It is highly possible that once dysfunction of

the brainstem occurs, it reflects more severe brain dam-

age. In prior work, we found that short-term HRV was a

sensitive marker for indicating the onset of asphyxia in

our rodent model of ACA.20 Clinical studies identified

that low HRV was inversely related to mortality in criti-

cally ill patients.21,22 Moreover, it was reported that a rel-

ative decrease in sympathetic tone, represented by

decreased low-frequency power in HRV measures, during

the very early stage (30–60 min) after the return of spon-

taneous circulation (ROSC) was associated with a higher

24-h mortality in out-of-hospital CA patients.23

There is a complex interaction between the nervous

and cardiovascular systems.10 Many studies have focused

separately on cortical or autonomic injury, but the dys-

function in one system may result in functional alter-

ations in another. The aim of this study was to utilize

our ACA rodent model and investigate the early responses

of the cardiac and cortical electrophysiological activity as

well as a potential interaction between these two after

resuscitation in relation to acute behavioral recovery.

Here, we hypothesize that an early recovery of brain–
heart electrical activity during the hyperacute stage of

post-CA resuscitation would be linked to favorable acute

neurological outcomes.

Methods

This study was approved by the Johns Hopkins Medical

Institute Animal Care and Use Committee. All procedures

involved were conducted in accordance with the National

Institutes of Health guide and reported based on the

ARRIVE guidelines (https://www.nc3rs.org.uk/arrive-

guidelines). For this research, we employed an ACA rat

model that has been well-defined by our laboratory and

others.16,24–26 The sample size calculation and power anal-

ysis were extrapolated from our prior work. Based on the

result of Neurological Deficit Score (NDS) as the primary

outcome, assuming α = 0.05 with a power of 0.80 and a

difference of mean NDS between the two groups was 15,

the minimum sample size per group was five subjects.

Ten adult Wistar male rats (400–450 g; 11–12 weeks old;

Charles River, Wilmington, MA) were subjected to 7-min

ACA. Our prior study disclosed that a minimum of five

rats (male) per group was adequate to detect the differ-

ence in brain injury induced by our ACA model.25,27 All

animals were pair-housed in a quiet environment with

12-h day/night cycles and free access to food and water.

Experimental preparations, asphyxial CA,
and resuscitation

The animals were anesthetized with isoflurane (4% for

induction and 1.6–1.8% for maintenance carried by

50%:50% nitrogen and oxygen mixed gas at 4 L/min) and

intubated with a 16G catheter. Following the intubation,

the animals were positioned on a stereotactic frame (Kopf

Instruments, Tujunga, CA) under 1.6–1.8% isoflurane via

a nose cone. The usage of a nose cone at this stage was

because the teeth bar of the stereotactic frame was not

compatible with the ventilator connector. Therefore, we

used the nose cone to deliver isoflurane while the animals

were on the stereotactic frame for the placement of EEG

electrodes. For a limited time on the nose cone, the ani-

mals were implanted with three epidural screw electrodes

(Plastics One Inc., Roanoke, VA). Two frontal electrodes

were implanted 2 mm anterior and 2 mm lateral to

bregma (right: channel A; left: channel B) with a third

ground/reference electrode located at 2 mm posterior to

lambda. After the electrode implantation, the animals were

taken off the nose cone and connected to a mechanical

ventilator (Kent Scientific, Torrington, CT) with 1.6–1.8%
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isoflurane for the rest of the experiment. The ventilation

settings were maintained with a tidal volume of 10 mL/kg

and a positive expiratory end pressure of 3 cm H2O at a

respiration rate of approximately 50 breaths/min. Cannula-

tion of the femoral artery and vein was performed on the

animals afterward. Following this, the EEG electrodes were

connected to an RX5 TDT device (Tucker-Davis Technolo-

gies, Alachua, FL) for EEG recording. Mean arterial pres-

sure (MAP) and electrocardiography (ECG) were

monitored continuously through the same device. A heat-

ing pad was used to keep the animals’ body temperature

(BT) at 36–37°C during the surgery. Arterial blood gas

(ABG) was measured at baseline, 15-min post-ROSC, and

end of recordings by using an i-STAT analyzer (Abbott

Point of Care Inc., Princeton, NJ).

After a 5-min period of baseline recording, the ACA

procedure started with a 5-min washout period: 2-min of

100% pure oxygen without isoflurane followed by injecting

Rocuronium Bromide (2 mg/kg, I.V.) and then 3-min of

20% pure oxygen mixed with 80% nitrogen (room air).

Global asphyxia was induced by stopping the mechanical

ventilation for 7 min. The achievement of CA was defined

as MAP <10 mmHg with a nonpulsatile-pressure wave.

Cardiopulmonary resuscitation (CPR) was initiated by

restarting the mechanical ventilation with 100% oxygen at

a respiration rate of 80 breaths/min, administering epi-

nephrine (7 μg/kg, I.V.) and NaHCO3 (1 mmol/kg, I.V.),

and applying sternal chest compressions with two fingers

(�200 compressions/min). The achievement of ROSC was

defined by MAP >50 mmHg within 2-min CPR. Follow-

ing successful resuscitation, the animals were hyperventi-

lated for about 20 min, and then, the respiration rate was

adjusted to maintain PaCO2 at 35–45 mmHg. It is worth

mentioning that epinephrine was only applied once during

the CPR procedure and was not administrated to the ani-

mals during post-ROSC EEG and ECG recording. For this

experiment, the heating pad was removed when the base-

line recording started, but the BT was monitored through

a rectal temperature probe throughout the experiment. BT

was allowed to progress spontaneously as it provides valu-

able information on the autonomic responses to varied

conditions. BT may influence HR dynamics as well. Hence,

the heating pad was removed to allow us to observe BT

under an uncontrolled condition and assess its relationship

with the HR changes after resuscitation.

ECG recording and HRV analysis

To limit interference from the local electrical environ-

ment, 59–61 Hz frequency was filtered out of ECG

recordings using a second-order Butterworth notch filter

fit to the final target sample rate of 939 Hz. The R peaks

were automatically detected by an adaptive threshold. The

time intervals between two successive R peaks were deter-

mined as RR intervals. Power spectral density was utilized

for HRV analysis.28 A Fast Fourier Transform-based

Welch’s periodogram approach was implemented to

obtain the power spectral density. For calculations of

Welch’s periodogram, a Hann window with 50% overlap

was applied to the input RR interpolated at 10 Hz. The

frequency bands of interest in HRV analysis were very

low frequency (VLF, 0–0.04 Hz), low frequency (LF,

0.04–0.15 Hz), and high frequency (HF, 0.15–0.4 Hz).

The frequency-domain measurements extracted from the

power spectral density estimate for each frequency band

included the relative power of VLF, LF, and HF compo-

nents. The LF and HF components were converted to

normalized units by dividing their respective magnitudes

by total power, leaving out the VLF power. LF power is

considered a measure of sympathetic activity, while HF

power is a measure of parasympathetic activity.29

EEG recording and quantitative EEG analysis

The raw EEG was filtered with a second-order Butter-

worth notch filter for the range of 59–61 Hz. The digi-

tized EEG was then downsampled by a power of 50 to a

target sample rate of 244 Hz. The detrended standard

deviation of the downsampled EEG was calculated to

determine approximate bin thresholding for the calcula-

tion of Shannon entropy. The downsampled EEG was

divided into nonoverlapping eight-second windows and

decomposed into frequency bands using a one-

dimensional, five-level dyadic, symlet9 wavelet decompo-

sition, which after coefficient-based reconstruction pro-

vides six signals representing the target ranges of super-

gamma as 61.5–122 Hz, gamma as 30.75–61.5 Hz, beta as

15.375–30.75 Hz, alpha as 7.688–15.375 Hz, theta as

3.844–7.688 Hz, and delta as 1.922–3.844 Hz.30 The spec-

tral power of each range was calculated from the wavelet

coefficients using the Parseval equivalence identity. The

total spectral power of all ranges was used as the denomi-

nator in calculating the power fraction. Power calcula-

tions were made at 5-min intervals starting from the

ROSC point. Shannon entropy was calculated at the same

intervals for the full frequency range using a bin-counting

algorithm aligned by the earlier-determined detrended

standard deviation thresholds as range cutoffs. Entropy

has been used to quantify the randomness of EEG signals

to reflect their complexity and is defined as31,32

S ¼ �∑
L

i¼1

pilnpi

where pi is the probability that the signal belongs to a

considered amplitude interval with L partitions and with
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the understanding that (a) ∑L
i¼1pi ¼ 1 with

0 ≤ pi ≤ 1, i ¼ 1, . . . , L and (b) pilnpi ¼ 0 if pi ¼ 0.

These methods used in quantitative EEG analysis were

validated in our previous research.30,33–35

For this study, post-resuscitation recording was up to

90 min, and isoflurane was not applied to the CA-

subjected animals during this recording period, and the

animals were allowed to recover spontaneously. In our

prior work, animals subjected to 7-min CA remained

comatose status over the first 2–3 h after

resuscitation.25,27 Hence, to minimize the potential influ-

ence of isoflurane on the recovery of cortical and cardiac

electrical activity, we did not use isoflurane during the

recording period and also did not observe the CA-

subjected animals regain awareness over this duration. At

the end of the recording, the animals were extubated. All

catheters were removed, and incisions were closed with

4–0 sutures. The animals were allowed to recover in a

dim and quiet environment.

Neurological outcome evaluation

The NDS has been widely used for neurological outcome

evaluation in this ACA rodent model.26,33,34,36 The NDS

ranges from 0 (brain death) to 80 (healthy animal) and was

assessed by two experienced observers at 4-h post-ROSC

(see Table S1). We chose the 4-h after resuscitation as the

desired time point for evaluating neurological outcomes in

this study since our focus was to study the postischemia

recovery in the hyperacute period when the brain is still

most likely receptive to potential therapies.37 Based on our

previous study, we used the score of 60 as the threshold

to differentiate favorable and unfavorable neurological

outcomes.16 Accordingly, the CA-subjected animals were

separated into two groups, namely the poor (NDS <60)

and good outcome groups (NDS ≥60; n = 5 per group),

with poor and good neurological outcomes, respectively,

for further analysis and interpretation of the cortical EEG

and cardiac HRV responses. After the NDS evaluation, the

CA-subjected animals were humanly sacrificed.

Statistical analysis

Data were analyzed by SPSS 26.0 version (SPSS Inc., Chicago,

IL) and Graph Pad Prism 9.2.0 version (Graph Pad, San

Diego, CA). Kolmogorov–Smirnov test was used for the nor-

mality test. An unpaired t-test (including Welch’s correction)

was chosen for comparisons between the two groups. Regard-

ing comparisons among multiple groups, one-way or two-

way ANOVA (including repeated measures) was performed

along with Bonferroni’s correction. Spearman’s rank correla-

tion was applied to assess correlations between different

parameters. The trapezoidal rule was utilized for the

calculation of the area under the curve (AUC). The data were

presented as mean � standard deviation (SD). The statistical

significance threshold was set at p ≤ 0.05.

Results

Neurological deficit outcome after cardiac
arrest resuscitation

A total of 10 CA-subjected male rats completed the

experimental protocol (Fig. 1). The time to CA was

251.10 � 23.86 sec, and the time to ROSC was

62.70 � 17.56 sec. With our focus on the hyperacute post-

resuscitation period, post-CA neurological deficits were

evaluated by NDS at 4-h post-ROSC, and the NDS results

ranged from 52 to 73 (62.70 � 7.96, n = 10). Based on

the NDS score of 60 as the cutoff,16 the CA-subjected ani-

mals were divided into the poor outcome group

(NDS < 60) and the good outcome group (NDS ≥60).
There was no significant difference between the two groups

in body weight, preparation time, time to CA, time to

ROSC, and ABG parameters (including pH, PaCO2, SaO2,

and HCO3�) at baseline, 15-min post-ROSC and end of

the recording (p > 0.05), except for the pH value mea-

sured at the end of the recording (p = 0.04; Table 1).

Acute cardiac rhythm response to cardiac
arrest resuscitation

Following resuscitation, a significant increase in heart rate

(HR) was noted from 15- to 30-min post-ROSC

(p < 0.001 vs. 15-min, respectively; n = 10) with a peak

at 30-min (473.80 � 40.21 beats/min for 30-min vs.

355.00 � 25.41 beats/min for 15-min, p < 0.001;

Fig. 2A). The normal range of HR changes in rats is

around 250–500 beats/min.38 The relative increase of HR

(compared to 15-min post-ROSC) was significantly higher

in the good outcome group at 25-min post-ROSC when

compared to the poor outcome group (126.00 � 35.79

beats/min vs. 72.60 � 34.62 beats/min, p = 0.04; n = 5

per group; Fig. 2B). Meanwhile, the AUC of increased

HR (relative to HR at 15-min post-ROSC) over 20–30
min following resuscitation in the poor outcome group

was remarkably lower in animals with good NDS results

(693.00 � 322.28 vs. 1149.50 � 307.69, p ≤ 0.05;

Fig. 2C). We also found a moderate positive correction

between increased HR (relative to HR at 15-min post-

ROSC) over 20–30 min post-ROSC with higher NDS

(rs = 0.559, p = 0.001; Fig. 2D). Moreover, the increased

HR (relative to 15-min post-ROSC) at 20-, 25-, and 30-

min post-ROSC showed strong correlations with better

NDS, respectively (rs = 0.671, p = 0.04; rs = 0.814,

p = 0.006; rs = 0.760, p = 0.001, respectively; Fig. 2E).
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The first hour after resuscitation is the most remarkable,

with significant fluctuations in cardiac rhythm, MAP, and

neurological signals recovery. An elevation of MAP was

noted around 10-min post-ROSC, but this dynamic pat-

tern was different from the changes in HR (Fig. S1). Also,

no differences in MAP changes were noted between the

good and poor outcome groups over 15–30 min post-

ROSC. We found no correlations between MAP and NDS

over this period (p > 0.05, respectively). Epinephrine, with

an elimination half-life of 11 min,39 was only administered

during CPR, and repeat dosing was not done afterward.

Autonomic response to cardiac arrest
resuscitation

The autonomic response can be inferred from the vari-

ability in the cardiac rhythm. We investigated the heart

rate fluctuation accompanying the increase in HR over

15–30 min post-ROSC. HRV was assessed by spectral

analysis of the heart rate intervals (RR intervals) derived

from ECG recordings at 5-min segmentations. Our results

revealed that LF power and LF/HF ratio of the good out-

come group trended higher, though not statistically sig-

nificant, than the poor outcome group during this

period, especially at 15–20 min post-ROSC (LF power:

0.37 � 0.15 vs. 0.20 � 0.06; LF/HF ratio: 0.41 � 0.34 vs.

0.18 � 0.10; p > 0.05, respectively), while HF power

trended lower in the good outcome group (0.78 � 0.12

vs. 0.85 � 0.07, p > 0.05; Fig. 3A). Over 15–20 min

post-ROSC, both LF power and LF/HF ratio

were positively correlated with higher NDS (rs = 0.600,

p = 0.074 and rs = 0.749, p = 0.046, respectively;

Fig. 3B), possibly due to enhanced sympathetic tone dur-

ing the very acute stage after resuscitation, which corre-

lated better acute neurological outcome.

Body temperature changes following
cardiac arrest resuscitation

Body temperature (BT) changes are also influenced by

autonomic function. During 15- to 30-min post-ROSC,

there was a significant increase of BT, ranging from

35.57 � 0.75 to 37.84 � 0.56 °C, in CA-subjected ani-

mals (vs. 15-min: p < 0.05, respectively; Fig. S2), but this

trend peaked around 60-min post-ROSC (38.84 � 0.55

°C). No significant differences in BT changes were noted

between the good outcome and poor outcome groups

over this period (p > 0.05, respectively). On the contrary,

increased BT may be related to elevated HR. We found a

weak association between BT changes and increased HR

Figure 1. Schematic diagram of experimental design. ACA, asphyxial cardiac arrest; ECG, electrocardiography; EEG, electroencephalography;

NDS, neurological deficit score; ROSC, return of spontaneous circulation.

Table 1. Prearrest baseline and arrest-resuscitation variables between

poor and good outcome groups.

Parameters

Poor outcome

(n = 5)

Good outcome

(n = 5) p value

Body weight (g) 416.2 � 24.2 421.6 � 20.0 0.71

Preparation time (min) 172.8 � 14.7 161.4 � 7.8 0.16

Time to CA (sec) 241.8 � 24.1 260.4 � 22.0 0.23

Time to ROSC (sec) 68.2 � 20.9 57.2 � 13.5 0.35

Baseline ABG

pH 7.432 � 0.030 7.440 � 0.053 0.79

PaCO2 (mmHg) 43.84 � 4.22 43.28 � 5.17 0.86

SaO2 (%) 99.6 � 0.5 99.6 � 0.5 1

HCO3
� (mmol/L) 27.14 � 4.37 29.26 � 1.40 0.33

15-min post-ROSC ABG

pH 7.371 � 0.045 7.325 � 0.099 0.37

PaCO2 (mmHg) 47.18 � 4.50 56.20 � 9.71 0.10

SaO2 (%) 100 100 –
HCO3

� (mmol/L) 27.28 � 0.91 29.10 � 2.10 0.11

End of recording ABG

pH 7.447 � 0.035 7.424 � 0.018 0.04

PaCO2 (mmHg) 42.16 � 3.96 42.96 � 3.72 0.53

SaO2 (%) 100 100 –
HCO3

� (mmol/L) 29.07 � 0.89 28.12 � 2.76 0.21

Data presented as mean � SD. Unpaired t-test (including with

Welch’s correction) was used for comparisons between poor and

good outcome groups.

ABG, arterial blood gas; CA, cardiac arrest; NDS, neurological deficit

score; ROSC, return of spontaneous circulation.
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Figure 2. HR dynamics following resuscitation in ACA rats and its correlation with neurological outcomes. (A) HR elevated remarkably from 15-

to 30-min post-ROSC (p < 0.001 vs. 15-min, respectively; n = 10). (B) The increase in HR at 25-min from 15-min post-ROSC was significantly

higher in animals with good NDS results than that in the poor outcome group (p = 0.04; n = 5 per group). (C) The AUC of increased HR (from

15-min post-ROSC) over 20–30 min post-ROSC was significantly higher in the good outcome group as compared with the poor outcome group

(p ≤ 0.05). (D) The changes in HR over 20–30 min from 15-min post-ROSC were positively correlated with NDS (rs = 0.559, p = 0.001). (E) The

increased HR at 20-, 25-, and 30-min from 15-min post-ROSC was strongly correlated with higher NDS, respectively (rs = 0.671, p = 0.04;

rs = 0.814, p = 0.006; rs = 0.760, p = 0.001, respectively). ACA, asphyxial cardiac arrest; AUC, the area under the curve; BL, baseline; bpm,

beats per minute; HR, heart rate; NDS, neurological deficit score; ROSC, return of spontaneous circulation. Data represent as mean � SD.

Comparisons among HR temporal changes were performed with repeated measures one-way ANOVA with Bonferroni correction; comparisons

between poor and good outcome groups in HR changes were conducted via repeated measures two-way ANOVA with Bonferroni correction;

correlations between HR and NDS were performed with Spearman’s correlation. *p ≤ 0.05, **p < 0.001.

Figure 3. HRV analysis following resuscitation in ACA rats and its correlation with neurological outcomes. (A) Normalized LF power and LF/HF

ratio over 15–30 min post-ROSC were relatively elevated in the good outcome group as compared with the poor outcome group, especially over

15–20 min post-ROSC (p > 0.05, respectively; n = 5 per group). (B) The increase of normalized LF power and LF/HF ratio during 15–20 min post-

ROSC was positively associated with higher NDS (rs = 0.600, p = 0.074; rs = 0.749, p = 0.046, respectively). ACA, asphyxial cardiac arrest; NDS,

neurological deficit score; nHF, normalized high frequency; nLF, normalized low frequency; ROSC, return of spontaneous circulation. Data

represent as mean � SD. Comparisons between poor and good outcome groups in nLF, nHF, and LF/HF ratio were conducted by repeated

measures two-way ANOVA with Bonferroni correction; correlations between HRV parameters and NDS were performed with Spearman’s

correlation.
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(relative to HR at 15-min post-ROSC) over 15–30 min

post-ROSC (rs = 0.268, p > 0.05).

Cortical neuronal dynamics following
resuscitation

The dynamic changes of cortical neuronal activity were

assessed by quantitative EEG analysis. As shown in

(Fig. 4A), there was a significant elevation in total power

over 15–30 min post-ROSC (p < 0.01 vs. 0–5, 5–10, and
10–15 min, respectively). Among the six EEG subbands

(including delta, theta, alpha, beta, gamma, and super-

gamma), beta, gamma, and super-gamma band power

exhibited significant increases over 15–30 min post-ROSC

(p < 0.05 vs. 0–5, 5–10, and 10–15 min, respectively) and

reached the peaks at 20–25 min during the first-hour

post-ROSC (p ≤ 0.05 vs. 30–35, 35–40, 40–45, 45–50, 50–
55, and 55–60 min, respectively). In our prior work, we

Figure 4. EEG changes following resuscitation in ACA rats and its correlation with neurological outcomes. (A) Total power over 15–30 min post-

ROSC was increased significantly in comparison with the first 15 min post-resuscitation (vs. 0–5, 5–10, and 10–15 min, p < 0.01, respectively;

n = 10). Among six EEG subbands, beta, gamma, and super-gamma band power exhibited significant increases over 15–30 min post-ROSC

(p < 0.05 vs. 0–5, 5–10, and 10–15 min, respectively) and reached the peaks at 20–25 min during the first-hour post-ROSC (p ≤ 0.05 vs. 30–35,
35–40, 40–45, 45–50, 50–55, and 55–60 min, respectively). (B) Shannon entropy manifested an increase during 15–30 min post-resuscitation

(p < 0.001 vs. 0–5, 5–10, and 10–15 min, p < 0.01, respectively). Shannon entropy over 20–25 min post-ROSC was correlated positively with

NDS, though statistical significance was not found (rs = 0.608, p = 0.068). ACA, asphyxial cardiac arrest; EEG, electroencephalography; NDS,

neurological deficit score; ROSC, return of spontaneous circulation. Data represent as mean � SD. Comparisons among temporal changes of EEG

parameters were performed with repeated measures one-way ANOVA with Bonferroni correction; correlations between EEG parameters and NDS

were performed with Spearman’s correlation. * vs. 0–5, 5–10, 10–15 min, respectively, p < 0.05; ** vs. 0–5, 5–10, 10–15 min, respectively,

p < 0.01; *** vs. 0–5, 5–10, 10–15 min, respectively, p < 0.001; # vs. 30–35, 35–40, 40–45, 45–50, 50–55, 55–60 min, respectively, p < 0.05;
## vs. 30–35, 35–40, 40–45, 45–50, 50–55, 55–60 min, respectively, p < 0.01.
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have developed the mathematic method of using entropy

to quantify the complexity of EEG signals, and the higher

entropy indicates more vigorous neurological activity.31,32

Here, we found that Shannon entropy values calculated

from the EEG signals demonstrated a noticeable increase

during 15–30 min post-ROSC (p < 0.001 vs. 0–5, 5–10,
and 10–15 min, respectively), and Shannon entropy

values over 20–25 min post-ROSC were correlated posi-

tively with NDS, though not statistically significant

(rs = 0.608, p = 0.068; Fig. 4B).

Regarding EEG subband power fraction over 15–30
min post-ROSC, it was shown in (Fig. 5A) that

gamma band fractions were significantly higher than

the other subbands (including delta, theta, alpha, and

beta band fraction) (p < 0.05, respectively), indicating

that the gamma band power was the dominant power

over 15–30 min post-ROSC. We found strong and

positive correlations between gamma band power over

15–30 min post-ROSC and higher NDS (rs = 0.705,

p = 0.027, rs = 0.693, p = 0.031, and rs = 0.614,

p = 0.064, respectively; Fig. 5B) and between gamma

band fraction during the same period and better neu-

rological outcomes (rs = 0.796, p = 0.008, rs = 0.912,

p < 0.001, and rs = 0.669, p = 0.04, respectively;

Fig. 5C).

Changes in cardiac rhythm response are
correlated with cortical neuronal activity

Significant increases in HR and gamma band power were

observed in CA-subjected animals during 15–30 min

post-ROSC. To study the relationship between cardiac

rhythm changes and cortical neuronal dynamics after

resuscitation, Spearman’s correlations were performed

between increased HR/HRV parameters and EEG signals.

Very strong correlations were identified between increased

HR and gamma band power at 15–20 min (rs = 0.827,

p = 0.005), 20–25 min (rs = 0.912, p < 0.001), and 25–
30 min (rs = 0.891, p = 0.001) post-ROSC, respectively

(see Fig. 6A). Moreover, gamma band fraction over 15–20
min post-ROSC exhibited significantly positive correla-

tions with LF power (rs = 0.770, p = 0.013) as well as

LF/HF ratio (rs = 0.846, p = 0.003) over the same period

(Fig. 6B).

Discussion

Our study demonstrates dysfunction of both cardiac

rhythms (as reflected in the HR changes) and cortical

neuronal activities (as reflected in the EEG signals) after

CA. These dual findings imply disturbed brain–heart cou-
pling. Our observation of the hyperacute recovery pattern

shows an early recovery of the brain–heart axis, including

the concurrent surge in both EEG signal band powers

and sympathetic tone, is associated positively with a bet-

ter neurological functional outcome. Further, this tran-

sient sympathetic activation (shown as increased HR and

elevated sympathetic tone) is concurrent and correlated

with enhanced cortical arousal (shown as surged gamma

band activity).

In this study, we observed significant augmentation in

both EEG total power and entropy over 15–30 min post-

ROSC as compared with the first 15 min after resuscita-

tion, suggesting there is a remarkable increase in cortical

neuronal activity and its complex recovery during this

period. Interestingly, we found that gamma band power

peaked during the same period and was the dominant

power among the subbands. Also, higher gamma band

power and fraction over 15–30 min post-ROSC had

strong and positive correlations with higher NDS. EEG

gamma band oscillations are linked closely to enhanced

cortical arousal.40,41 Our findings exhibit that an early

recovery of EEG activity, shown as higher entropy values

that indicate more vigorous neurological activity and

stronger gamma band activity that relates to enhanced

cortical arousal status during the hyperacute stage after

resuscitation, is correlated with favorable acute neurologi-

cal outcome.

Coma is defined as a failure of both arousal and com-

plete unresponsiveness to external or internal stimuli.42

The EEG has been used to prognosticate neurological out-

comes after CA.43 Persistent generalized burst suppression

in post-CA patients is correlated with poor neurological

recovery.44 In prior work in CA-subjected rats, we

reported that flat EEG underwent increasing EEG bursting

during the first 10–30 min post-ROSC that evolved to

continuous EEG activity, resulting in favorable neurologi-

cal outcomes.16 Entropy, as a mathematical measure of

randomness of EEG patterns, has been utilized to monitor

injury and recovery since lower entropy values were seen

in pathological EEG patterns after CA.32,45 Using subband

entropy of EEG, we also uncovered that in rats subjected

to 7-min ACA, continuous EEG activity began to return

at approximately 15–20 min after resuscitation.46 In this

present study, we found EEG activity (represented by

entropy as well as gamma band power) surged over

15–30 min post-ROSC, and this recovery of EEG activity

is linked to better neurological outcomes. These results

are consistent with our previous findings.

Arousal requires intact subcortical and brainstem func-

tion, and without arousal, it is not possible to regain

awareness.42 The ascending reticular activating system

(ARAS), which is derived from the brainstem, has been

recognized as the primary region in modulating arousal.47

Gamma band oscillations are considered a brain-wide

property of the awake brain.48 It has been suggested that
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the ARAS must remain intact and contribute to the gen-

eration of gamma band oscillations for the brain to gain

arousal and be conscious.48 Here, we observed surged

gamma band activity in EEG during the hyperacute stage

post-CA resuscitation, suggesting the function of the

ARAS is intact, and the cerebral cortex could be aroused

Figure 5. EEG subband power fraction over 15–30 min following resuscitation and its correlation with neurological outcomes. (A) The gamma band

fractions over 15–30 min post-ROSC were significantly higher than the other subbands, including delta, theta, alpha, and beta band fractions

(p < 0.05, respectively). (B and C) Strong and positive correlations were identified between gamma band power over 15–30 min post-ROSC and

higher NDS (rs = 0.705, p = 0.027, rs = 0.693, p = 0.031, and rs = 0.614, p = 0.064, respectively) and between gamma band fraction during the

same period and better neurological outcomes (rs = 0.796, p = 0.008, rs = 0.912, p < 0.001, and rs = 0.669, p = 0.04, respectively). EEG,

electroencephalography; NDS, neurological deficit score; ROSC, return of spontaneous circulation. Data represent as mean � SD. Comparisons

among temporal changes of EEG parameters were performed with repeated measures one-way ANOVA with Bonferroni correction; correlations

between EEG parameters and NDS were performed with Spearman’s correlation. *p < 0.05, **p < 0.01, ***p < 0.001.
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and generate its own gamma band oscillations. These fac-

tors are critical for the recovery of arousal and awareness

from CA-induced unresponsiveness.

Our findings also showed that a significant increase in

HR over 15–30 min post-ROSC that corresponded to LF/

HF ratio changes was correlated with better NDS. Notably,

this increased HR was not significantly affected by the BT

changes since a different dynamic pattern together with a

weak correlation was detected in this study. A complex net-

work of cortical and subcortical brain regions is involved in

the central control of the cardiovascular function.10 While

noting the focus of this study, it has been suggested that

the insular cortex plays an important role in regulating the

heart–brain axis.49 Electrical stimulation of the rostral pos-

terior insula in rats exerted a tachycardia effect which could

be abolished by atenolol, a β-blocker medication, indicating

this effect was mediated by increased sympathetic activity.50

In the awake brain, gamma oscillations require a sufficient

number of brain regions displaying gamma band activity to

sustain the resonance.48 During 15–30 min post-ROSC, the

insular cortex may participate in generating the resonance

of gamma band oscillations and simultaneously initiate the

autonomic response at the cortical level. The strongly corre-

lated HR and EEG activity augmentation suggests the role

of autonomic recovery and an intact heart–brain interaction

post-CA resuscitation.

Subcortical brain regions also contribute to the regula-

tion of autonomic response after resuscitation. For

instance, the cardiovascular responses induced by the

insular cortex have been suggested to be relayed through

the lateral hypothalamic area (LHA).49 The LHA itself

plays an important role in the coordination of diverse

aspects of physiology and behavior, including stress,

arousal, and autonomic function.51 It is composed of a

heterogeneous population of neurons, which contains

orexinergic neurons.51 Orexin neuropeptides are crucial

Figure 6. Correlations between changes in HR/HRV and dynamics of EEG signals during the hyperacute stage after resuscitation. (A) Very strong

correlations were revealed between HR changes and gamma band power at 15–20 min (rs = 0.827, p = 0.005), 20–25 min (rs = 0.912,

p < 0.001), and 25–30 min (rs = 0.891, p = 0.001) post-ROSC. (B) Gamma band fraction over 15–20 min post-ROSC exhibited significant

correlations with LF power (rs = 0.770, p = 0.013) and LF/HF ratio (rs = 0.845, p = 0.003). bpm, beats per minute; HR, heart rate; LF/HF, low

frequency/high frequency; nLF, normalized low frequency; ROSC, return to spontaneous circulation. Correlations between HR/HRV parameters

and EEG parameters were performed with Spearman’s correlation.
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for maintaining a long period of arousal.52 It was found

that the orexin-induced depolarizing current could pro-

duce significant high frequency, including gamma, input

to cholinergic neurons in the pedunculopontine nucleus

(PPN).53 Meanwhile, orexin neurons send projections to

the rostral ventrolateral medulla (RVLM) and participate

in regulating sympathetic tone.54 Hence, it is possible that

resuscitation-induced orexinergic neuron activation gener-

ates simultaneous responses in the PPN and the RVLM,

leading to concurrent alterations in cardiac and cortical

electrophysiological activity.

CA-induced cerebral damage could lead to impairment

in autonomic function, shown as varied levels of cardio-

vascular dysfunction.10 Dysregulation of the autonomic

nervous system post-resuscitation is often associated with

ECG changes, with various clinical manifestations ranging

from mild and transient changes to severe and irreversible

cardiac injury.10 However, identification of these cardio-

vascular incidents post-CA in relation to the evaluation of

neurological deficit as well as recovery remains challeng-

ing. The concurrent autonomic and cortical functional

recovery observed in this study highlights the necessity of

employing a multifaceted monitoring system during

hyperacute management in CA patients. A comprehensive

assessment of cortical neuronal activity together with

autonomic responsiveness may provide a better under-

standing and estimation of the preservation of cardiovas-

cular function after resuscitation, guiding our clinical

practice to develop novel therapies and improve the

implementation of current ones to improve outcomes.

Our study has limitations. First, the number of animals

studied in this cohort was limited to 10. The responses of

both survival and recovery post-ROSC, along with cortical

and cardiac responses, were consistent in this cohort, jus-

tifying the small cohort. In previous work, however, we

showed that a sample size of 10 was adequate to detect

pathophysiological alterations post-resuscitation, and fur-

ther, subgroups of five enabled us to detect the differen-

tial between good and poor neurological outcomes.25,27

Second, we studied only male rats in this study. Male–
female differences in survival and neurological outcomes

after resuscitation from CA have been reported in clinical

trials, and males appear to survive and recover better than

females.55,56 Preclinical research shows that sex hormones

lead to male–female outcomes differences after the ische-

mic brain injury57,58 and male–female differences in clini-

cal electrophysiology and arrhythmias,59 but how this

male–female difference impacts autonomic response to

resuscitation from CA remains largely unknown. The

impact of male–female differences after resuscitation from

CA is less established. Registry studies showed that males

had better survival outcomes.56,60 However, a systematic

review found that the advantage of males in survival was

nullified after adjustment.55 It is evident that the question

of male–female in relation to outcomes after CA needs fur-

ther investigation. This is a hypothesis that we intend to

address in future studies. Third, we only evaluated the

acute neurological outcome via NDS at 4-h post-ROSC.

Our goal is to understand the hyperacute post-resuscitation

recovery, but as a translational platform, this period is cru-

cial for interventions that could possibly reverse neurologic

injury. After this observation, we will extend the survival

duration to evaluate the long-term consequences of

autonomic recovery in subsequent studies in the future.

Moreover, the underlying mechanism for the positive

correlation between increased HR/sympathetic tone and

enhanced EEG activity identified in this study has not been

addressed. This correlation opens many considerations,

while outside the scope of this study, and deserves more

focused mechanistic investigation.

In conclusion, this study demonstrates that a significant

hyperacute recovery in the autonomic function, mani-

fested by an increase in HR and a correspondingly ele-

vated sympathetic tone during the post-CA hyperacute

stage, is associated with favorable functional outcomes.

The increased HR and elevated sympathetic tone are

strongly correlated with a remarkable recovery of EEG

activity, presented by enhanced gamma band power. This

coupled brain and heart electrophysiological arousal may

indicate preserved heart–brain axis and autonomic

responsiveness after resuscitation. While this observation

needs further mechanistic validation, it presents a transla-

tional opportunity for better autonomic and neurologic

monitoring during the early periods after CA that can

potentially guide early management in post-resuscitation

patients.
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